Chromosomal DNA methylation is widespread in prokaryotes and eukaryotes and can affect critical processes such as DNA replication (1, 2) , transcription (3) (4) (5) (6) , and repair of mutational lesions (7) . We are examining the regulation and function of a DNA methyltransferase, CcrM*, found in Caulobacter crescentus, a bacterium that undergoes cellular differentiation during each cell cycle (9) . Caulobacter chromosomal DNA exhibits cell cycle-dependent patterns of methylation. Constitutive expression of the ccrM gene, yielding chromosomes that are fully methylated throughout the cell cycle, results in an altered developmental program, indicating that variations in methylation state are of regulatory significance (10) . Understanding the role of DNA methylation in growth and development has been an elusive goal in many systems. There is abundant evidence correlating the level of cytosine methylation of eukaryotic DNA with gene expression and/or differentiation states (3) (4) (5) (11) (12) (13) , but only recently has the role of DNA methylation in eukaryotic organisms been addressed genetically. A deficiency in cytosine methylation results in embryonic lethality in mice (14) ; in contrast, mutations resulting in deficiencies in DNA methylation in Arabidopsis thaliana (15, 16) and Neurospora crassa (17) are not lethal but cause abnormalities in chromosome segregation behavior. In prokaryotes, the only "regulatory" DNA methyltransferase that has been extensively examined has been the Dam methyltransferase of Escherichia coli and related enterics. Dam methylation is important for temporal control of chromosomal replication (1, 2) and for directing mismatch repair (7) but is dispensable for growth (18) . We present herein evidence that the Caulobacter CcrM methyltransferase, which like Dam is not a component of a DNA restriction/modification (R/M) system, is essential for cellular viability. Furthermore, we have found that CcrM homologs are widely distributed in the a subdivision of Proteobacteria, in which the genus Caulobacter resides, suggesting that the critical function of DNA methylation in Caulobacter may similarly be conserved in other bacteria.
The ccrM (cell-cycle regulated methyltransferase) locus encodes a DNA methyltransferase (CcrM) responsible for N6 methylation of adenine in GANTC sequences (10) . In Caulobacter, the single chromosome replicates just once during the cell cycle (19, 20) . We have shown previously that the remethylation of newly replicated (and thereby hemimethylated) GANTC sites is restricted to the predivisional cell (10), near completion of chromosome replication, and that transcription of the ccrM gene occurs during a similar time frame (8, 10) . We show here that the CcrM DNA methyltransferase is present only in predivisional cells. Because chromosome replication initiates on fully methylated DNA and the passage of the replication fork progressively generates hemimethylated sites, we demonstrate that the time of appearance of hemimethylation reflects the location of sites relative to the origin of replication.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Growth Conditions. E. coli strains were grown at 37°C in Luria-Bertani (LB) broth supplemented with ampicillin (50 ,ug/ml), tetracycline (10 j,glml), or kanamycin (50 ,ug/ml) as necessary. C. crescentus strains were grown at 30°C in either peptone/yeast extract (PYE) or M2 minimal salts/glucose medium (M2G) (21) . 
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were selected that contained tandem copies of wild-type and mutant ccrM genes separated by plasmid sequence. The structure of the ccrM region in several integrants was determined by restriction and Southern blot analyses. Strain LS1823, in which pCS190 integrated by recombination of the 5' side of fl, and LS1824, in which pCS190 integrated on the 3' side of Q, were kept for further experiments. (A clear bias was seen for recombination on the 5' side of Q, which in pCS 190 has 900 bp of homologous DNA available for recombination, while the 3' side has only 700 bp.) Excision of the integrated plasmid was selected for by growth on 3% sucrose, inducing the toxic activity of the sacB-encoded levansucrase. The structure of the ccrM locus in ampicillin-sensitive and sucrose-resistant isolates was verified by Southern blot analysis.
Conditional Expression of ccrM. A promoterless ccrM gene was placed downstream of a 0.9-kb fragment containing the C. crescentus xylA promoter (A. Meisenzahl, U. Jenal, and L.S., unpublished results) in the low copy number pRKlac290 vector, generating plasmid pCS226. Expression of the xyLA promoter was induced by growth on PYE containing 0.1% xylose. This promoter is maximally repressed by growth on 0.1% glucose in the absence of xylose. pCS226 was mated into LS1824 with selection for tetracycline resistance. Recombinants that were sucrose-and spectinomycin-resistant and ampicillin-sensitive and had lost the wild-type ccrM locus from the chromosome were isolated as described above. Xylose (0.1%) was added to all plates during isolation of this strain to induce expression of ccrM from pCS226.
Preparation of Anti-CcrM Serum. The polymerase chain reaction (PCR) was used to generate a 750-bp DNA fragment encoding the N-terminal 250 amino acids of CcrM. Primer ccrT7PCR (GGGACCATGAATTCGGGCCGG) overlaps the ccrM start site and contains an EcoRI site; primer ccrHis-PCR (GGCGTGCTCGAGGTCTTCGG) is complementary to the coding strand and contains an Xho I site. The PCR product was cloned into the EcoRI/Xho I sites of pET21a (Novagen) to generate pCSAR1. This creates an in-frame fusion of the T7 leader to the third codon of the ccrM coding sequence, and a fusion of residue 249 of CcrM to a polyhistidine tag at the C terminus. Expression of the fusion protein in E. coli BL21 (XDE3) under control of a T7 promoter (24) was induced indirectly by addition of isopropyl B-D-thiogalactoside. Cells were lysed by sonication and centrifuged at 20,000 x g for 15 min. The majority of CcrM-His pelleted with the cell debris fraction in inclusion bodies. CcrM-His was purified under denaturing conditions by chromatography using HisBind resin (Novagen), according to the manufacturers protocol. The 30-kDa polypeptide band was excised from polyacrylamide gels and used to immunize rabbits at Josman Laboratories (Napa, CA) by conventional protocols. The antiserum recognizes specifically a C. crescentus protein of 41 kDa, consistent with that of CcrM (predicted to be 39.6 kDa).
Western Blots. Cellular proteins from samples taken during the cell cycle were resolved by SDS/PAGE and transferred to Immobilon P membrane by standard Western blot protocols (25) . Membranes were blocked with T-TBS (20 mM Tris HCl, pH 7.4/150 mM NaCl/0.05% Tween 20) containing 5% (wt/vol) milk powder. Primary antiserum (1:5000 dilution) was added directly to the blocking solution. Membranes were washed with T-TBS, and secondary antibody (horseradish peroxidase-conjugated goat anti-rabbit IgG, Boehringer Mannheim) was added. After further washes with T-TBS, bound antigen was visualized by chemiluminescence.
Assay of Methylation State and CcrM Levels in Synchronized Cultures. Cultures for synchronization were grown in M2G medium, and swarmer cells were isolated by Ludox density gradient centrifugation (26) . Swarmers were released into M2G medium at 30°C at an OD600 of 0.3-0.4. Progression through the cell cycle was monitored microscopically. Samples for immunoprecipitation were labeled and prepared as described (27) . Samples for immunoblot analysis were harvested by centrifugation, and cell pellets were frozen on dry ice. To assay methylation state of chromosomal loci, samples were taken at each time point and cells were collected by centrifugation. DNA was isolated by using the EluQuik kit (Schleicher & Schuell) and a modified protocol. The overlapping restriction site assay to determine methylation state has been described (10, 28) . The dnaA Hinfl site located upstream of the coding region (29) is overlapped by a HindIl site; Southern blots of Hindll-digested DNA were probed with a randomly labeled (T7 QuickPrime kit, Pharmacia) 530-bp XbaI-HindIII fragment. The Hinfl site in the fliG coding region (30) is overlapped by a Sal I site; Southern blots of Sal I/Pst I-digested DNA were probed with a 1.3-kb Sal I-Pst I fragment containing the 3' end offliF and the 5' portion offliG. The Hinfl site at the pbpA locus also is overlapped by a Sal I site (P. Kang (Fig. 1A) , detectable DNA methylation activity ceased within 1 h (data not shown), and growth and DNA replication halted after 6-8 h. The number of viable cells in the PYEG culture increased for one generation and then precipitously declined. By 11 h after the shift, there was a 300-fold difference in viable cell counts between the PYEG and PYEX cultures (Fig. 1B) (8, 10) . More to the point, intact plasmid DNA containing unmethylated GANTC sites is readily detectable in C. crescentus in vivo (10) , and genomic DNA isolated from LS2144 11 h after shifting to PYEG, though significantly undermethylated, is not detectably degraded (data not shown).
CcrM Homologs Are Present in Other Bacteria. Proteins that are critical for growth tend to be conserved during evolution. We therefore searched for homologs of the CcrM DNA methyltransferase in other bacteria known to be phylogenetically linked to C. crescentus (33, 34) . Chromosomal DNA from 20 species that are members of the a subdivision of the purple Gram-negative bacteria was examined, and all were found to be modified at GANTC sites ( Fig. 2A) sequence. To determine whether the species showing modification of GANTC sites indeed encode a homolog of CcrM, genomic DNA was examined by Southern blot analysis using a fragment of the ccrM gene as a probe. Hybridization was seen to a single Nco I fragment in all of the a subdivision species tested, a subset of which is shown in Fig. 2B , but no hybridization was seen to non-a species.
DNA Methylation and CcrM Levels Are Cell CycleRegulated. The bacterial cell cycle is readily studied in synchronous populations of C. crescentus cells (9) . The Caulobacter cell cycle is shown diagramatically in Fig. 3 . DNA replication (19, 20) and DNA methylation (10) exhibit discrete, overlapping temporal boundaries during the cell cycle. Different GANTC sequences exhibit distinct temporal patterns of hemimethylation during the cell cycle (10) . A model to explain these cell cycle patterns needs to account for two temporal factors: namely, the time at which a given gene is replicated and goes from the fully methylated to the hemimethylated state and the timing of remethylation to the fully methylated state. The time at which a given chromosomal DNA site becomes hemimethylated should be dependent on its location on the chromosome relative the origin, as the time required for the replication fork to reach the site should be proportional to its distance from the origin. By using a single synchronous culture, methylation patterns of GANTC sites at three chromosomal loci were assayed as a function of the cell cycle. in Fig. 3A , and the abundance of hemimethylated DNA at each site as a function of the cell cycle is plotted in Fig. 3B . The site near dnaA became hemimethylated at the transition from swarmer to stalked cells. Hemimethylated fliG DNA was first seen 45 min later, and the pbpA locus became hemimethylated 15 min afterfliG. The order of hemimethylation of these sites, and previously examined sites (10) , thus reflects their position on the chromosome. The ccrM gene is expressed from a promoter that is activated in the predivisional cell (8, 10) , coincident with the period of remethylation of newly replicated chromosomes (Fig. 3B) . Western blots using a polyclonal antiserum generated against the CcrM protein showed negligible levels of CcrM in swarmer and early stalked cells (Fig. 3B) . Enzyme levels increased dramatically in the predivisional cell, coinciding with the drop in hemimethylation of the dnaA locus. Replication of the fliG andpbpA genes overlaps the early expression of ccrM, such that hemimethylation of these sites initially increases even as dnaA is being remethylated. On average, the period of hemimethylation is roughly 40% of the cell cycle for dnaA, 20% for fliG, and '10% for pbpA. In contrast, very few Dam methylation sites are hemimethylated for significant fractions of the E. coli cell cycle, exceptions being the origin of replication and the nearby dnaA locus (35) , and some sites that are completely unmethylated (36) (37) (38) .
The levels of CcrM protein reflect closely the level of transcription of ccrM, as indicated by lacZ fusions to the ccrM A schematic of the cell cycle is shown for orientation, depicting landmark events of the cell cycle (flagellum loss, stalk synthesis, chromosome replication, and flagellum biogenesis). Synchronized swarmer cells, in which the chromosomal DNA is fully methylated, were released into M2G medium at 30°C at t = 0. Methylation state of DNA samples was assayed by using overlapping restriction sites (10) . Bands on Southern blots representing fully and hemimethylated DNA were quantified with a Phospholmager (Molecular Dynamics). As the probes used detected only one of the hemimethylated products of replication (10) promoter (8, 10) and by immunoprecipitation of CcrM from synchronous cells pulse-labeled at successive stages of the cell cycle (Fig. 3B) replication has successfully initiated, whereas a hemimethylated site at or near the terminus, though existing only transiently, could signal that replication is near completion. An important challenge for the future is to identify and characterize such signposts and the signal transduction pathway linking them to the cell cycle.
